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The valence orders at Ta = 125 K and Tb = 105 K in the cubic compound YbPd have been
investigated by 105Pd-nuclear magnetic resonance (NMR) measurements. Significant decrease in
the density of states at the Fermi energy below Ta is evident from the measurement of nuclear spin
lattice relaxation rate 1/T1, suggesting that the instabilities of Fermi surface are associated with
the transitions. Moreover we observed the unusual evolution of low-energy fluctuations toward the
valence transition at Ta behind its drastic first-order nature. The structural transition accompanying
the valence order may occur as a result of cooperative effect of Fermi surface and valence instabilities.
PACS numbers: 71.27.+a, 75.20.Hr, 75.30.Mb, 78.70.Dm
A rich variety of intriguing properties that lanthanide
and actinide compounds show, especially those related to
the f -electrons degrees of freedom, have provided good
opportunities to investigate issues of strong electron-
electron correlations. Among them, the mechanisms of
many phenomena involving the valence degrees of free-
dom have remained unsolved, because it is difficult to ob-
serve directly the dynamics of valence properties, includ-
ing valence fluctuations. For example, the valence fluc-
tuation in the prototypical intermediate valence material
SmB6 was indirectly corroborated by contrasting appear-
ances in two experimental results: Sm2+ and Sm3+ states
are distinguishable in x-ray absorption spectroscopy [1]
but not in 149Sm Mo¨ssbauer spectroscopy [2], implying
that the Sm valence fluctuates at time scales between
those characteristic of the two experiments.
In this letter, we report 105Pd-nuclear magnetic reso-
nance (NMR) measurements of valence ordered system
YbPd. Of particular interest is examining the possibil-
ity of observing slow valence fluctuations somehow di-
rectly by the NMR measurement just above the valence
ordering temperature. Generally, the valence fluctuates
much faster than the NMR frequency [several tens of
megahertz]. YbPd, which crystallizes in the cubic CsCl-
type structure, undergoes unusual phase transitions at
Ta = 125 K and Tb = 105 K, followed by complicated
magnetically ordered states below TN = 1.9 K [3, 6, 7].
At the transitions at Ta and Tb, which are focused on
in the present study, the specific heat shows sharp peaks
at these temperatures, suggestive of first-order nature.
However no anomaly is seen there in the magnetic suscep-
tibility [9], and the mean Yb valence is little temperature
dependent [2.83 at room temperature] [3]. Interestingly,
YbPd remains metallic through the transitions, which is
unique because known valence ordering systems, such as
Yb4As3 and EuPtP, exhibit an increase in the resistivity
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when the valence ordering takes place.
Recently, it turned out that the transitions at Ta and
Tb were accompanied by structural changes, namely the
cubic structure lowers into a tetragonal symmetry [4, 5].
Moreover doubling of the unit cell was found out below
Tb [4, 5], implying the occurrence of valence ordering.
The ordered structures proposed to date are as follows;
for TN < T < Tb (LT phase), Yb
3+ and Yb2.6+ ions al-
ternately stack along the c-axis, and for Tb < T < Ta
(IT phase), the structure is of incommensurate charac-
terized by a wave vector (±0.07 ± 0.07 1/2) [5]. Thus,
one expects that the valence degrees of freedom are re-
lated to driving force for the transitions at Ta and Tb,
however there had been no conclusive experiment to ver-
ify the hypothesis so far. Here we present unambiguous
evidence for critical behavior towards the transition at
Ta, which clearly reveals the evolution of low-energy cor-
relations underlying the first-order structural transition.
A difficulty in accomplishing the present study is that
the intensity of 105Pd-NMR signal is generally weak due
to the small gyromagnetic ratio γ (γ/2pi = 1.95 MHz/T)
and low natural abundance ∼ 22.2% for 105Pd. More-
over, below Tb, effectively nonzero nuclear quadrupole
interaction in the tetragonal structure causes broadening
of the NMR signal, resulting in additional weakening.
Therefore we performed the measurements with the help
of high magnetic fields using a 400 MHz NMR super-
conducting magnet (SM) (about 9.4 T) and a 15 T SM
(12.1 < H < 13.7 T) both in University of Hyogo, and a
25 T cryogen-free SM (25T-CSM) (21.5 < H < 24.0 T)
in Institute for Materials Research, Tohoku University.
All the 105Pd-NMR experiments were carried out by us-
ing the spin-echo technique with a phase-coherent pulsed
spectrometer. A high-quality strain-free YbPd powder
sample was synthesized by a newly developed method
where a powdered Yb-rich material Yb5Pd2, obtained
by a flux method, is annealed to evaporate Yb to YbPd.
The detaileds are described in Ref. [7].
Figure 1(a) shows the temperature dependence of
105Pd NMR spectrum. The Lorentzian-like line shape
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FIG. 1: (color on line) (a) 105Pd NMR spectra at different
temperatures. The data obtained by sweeping magnetic field
using 25T-CSM are shown as a function of the Knight shift,
K. Spectral intensity is normalized by their peak intensity.
The arrows indicate the first satellite of nuclear quadrupole
splitting. The intensity just above and below Ta is compared
in (b). The data were measured at a frequency of 44.68 MHz.
at 150 K in the high-temperature (HT) phase drastically
changes into the so-called powder pattern below Ta. As
shown in Fig. 1(b), the intensity of the single line at 150 K
is significantly reduced at 120 K, while additional weak
signal continuously emerges in the region from 22.5 to
23.8 T. These results indicate that the high-symmetry in
the HT phase changes to a lower one below Ta: nuclear
quadrupole interaction at a Pd nuclear position, which
does not effectively work in the HT phase with the cu-
bic structure, brings about splitting and broadening of
the spectrum. The symmetry lowering below Ta is well
consistent with the occurrence of structural change re-
ported previously [4, 5]. Note that the powder pattern is
clearly observed even at very high field above 20 T, in-
dicating that magnetic anisotropy in the LT phase with
the tetragonal structure is weak.
From the shoulder structure indicated by the ar-
rows in Fig. 1(a), identified as the first satellite of nu-
clear quadrupole splitting, nuclear quadrupole resonance
(NQR) frequency νQ is estimated to be 2.3 MHz at
5 K and increases with increasing temperature [νQ =
2.75 MHz at 80 K]. νQ is the physical value that sensi-
tively reflects local charge distribution through the elec-
tric field gradient (EFG), and it may be useful to com-
pare the present temperature dependence with the re-
sult reported for YbPd2Si2 [8] in which the Yb valence
uniformly fluctuates. For YbPd2Si2, the resemblance be-
tween the temperature dependences of νQ measured at
the Pd site and mean Yb valence [both monotonically
increase with increasing temperature] simply reveals in-
timate relationship between the two physical values. In
the case of the LT phase of YbPd, the situation is more
complex, because the Yb ions are in the antiferro-type
valence ordered state and the EFG at the Pd site sur-
rounded by eight Yb ions (four Yb3+ and four Yb2.6+)
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FIG. 2: (color on line) (a) The detailed temperature depen-
dence of NMR line, which was measured by sweeping the fre-
quency at a constant field of 24.0 T. The intensity is nor-
malized by the peak value of spectra. For T < 130 K, we
measured near the central line. The resonance frequencies for
the cubic phase (red circle) and the tetragonal (blue circle)
are traced by the red and blue lines, respectively. (b) Temper-
ature dependences of the resonance frequencies determined in
Fig. 2(b). (c) Temperature dependence of K. The squares,
circles, triangles denote the data measured using 400MHz-
SM, 15T-SM, and 25T-CSM, respectively. The inset shows
an expanded view of K below 60 K.
should be influenced from the both valence states. The
present experimental fact of temperature dependent νQ
in the LT phase may suggest that local electronic config-
urations at each Yb valence still change at low temper-
atures, which may be undetectable by the simple mea-
surement of mean Yb valence [3].
Further detailed spectral features are revealed in Fig. 2.
As temperature decreases below 128 K, another reso-
nance line (blue line) evolves at lower frequencies. Note
that this additional signal is a central line correspond-
ing to a −1/2↔ 1/2 transition. The two signals arising
from the HT and IT phases coexist for 120 ≤ T ≤ 128 K
from our data. As demonstrated in Fig. 2(b) where the
resonance frequencies are plotted as a function of temper-
ature, the discontinuous shift and the coexistence of the
two lines around Ta are characteristics of first-order tran-
sition. On the other hand, at Tb, no significant anoma-
lies are seen in the central line as well as in the Knight
shift, K, as described later. Instead, the satellite shoul-
der structure becomes unclear in the LT phase [see the
spectrum at 120 K in Figs. 1(a) and(b)], indicating that
νQ is not uniformly determined, and consistent with the
incommensurate structure proposed by Ref. [5]. The
transition at Tb is observable through the electric inter-
action rather than the magnetic ones in the NMR mea-
surements.
K estimated from the main peak indicated in Fig. 2(a)
is plotted in Fig. 2(c). The temperature dependence is
roughly consistent with that of the susceptibility χ [9]:
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FIG. 3: (color on line) Temperature dependences of (a)
1/T1T , (b) 1/T2, and (c) spectral width W divided by ex-
ternal field Hex. (d) W/Hex vs K plot with temperature as
an implicit parameter.
the absolute value ofK increases with decreasing temper-
ature. However,K exhibits a small but clear jump at Ta,
which is different from χ(T ) that increases with cooling
smoothly. K is generally decomposed into temperature
dependent and independent terms;
K = K(T ) +Kc. (1)
Here K(T ) is a Curie-Weiss term arising from 4f elec-
trons possessing localized characters, and the tempera-
ture independent term Kc mainly arises from Pauli para-
magnetism, which is enhanced through the Fermi contact
interactions of conduction electrons.
We have also measured nuclear spin lattice relaxation
time T1 at the resonance peaks shown in Fig. 2(a). The
process of estimating T1 from relaxation curves is de-
scribed in Ref. [10]. Evaluated 1/T1T was found to
show unique temperature dependence as demonstrated in
Fig. 3(a): (i) 1/T1T is almost temperature independent
at high temperatures above 160 K and at low tempera-
tures below Ta, and (ii) 1/T1T rapidly increases below
160 K down to Ta, followed by a significant drop just
below Ta. 1/T1T is generally expressed as follows;
1
T1T
=
2γ2nkB
(γe~)2
∑
q
[
Ahf(q)
2 Imχ(q, ω0)
ω0
]
, (2)
where γn and γe are the nuclear and electronic gyro-
magnetic ratios, respectively, ω0 is the NMR frequency,
Ahf(q) is hyperfine coupling constant, and Imχ(q, ω0)
is the imaginary part of χ(q, ω0). In weakly corre-
lated electron systems, such as a Fermi liquid state, it
is known that 1/T1T becomes little temperature depen-
dent as 1/T1T ∝ {AhfD(εF)}
2
, where D(εF) is the den-
sity of states at Fermi energy εF. In the similar man-
ner to K [see Eq. (1)], 1/T1T in the present system
is decomposed into (1/T1T )f (T ) and (1/T1T )c, where
the former is a temperature dependent term arising from
the localized 4f electrons and the latter is the temper-
ature independent contribution of conduction electrons.
Then, the phenomenon (i) is accounted for in terms of
(1/T1T )f ≪ (1/T1T )c. As 1/T1T originating from well
localized f electrons tends to obey 1/T , (1/T1T )f can
be small at high temperatures, resulting in the tempera-
ture dependence dominated by (1/T1T )c. Indeed, such a
situation is realized for example in YbCo2Zn20 which is
known as an extremely heavy Fermion [11].
In the IT and LT phases, 1/T1T again shows weak tem-
perature dependence, indicating that the contribution of
Yb magnetic sites to the T1 relaxation is weak. The
decrease in 1/T1T when temperature is lowered from the
HT to the LT phases indicates a decrease in {AhfD(εF)}
2
.
By assuming that Ahf is unchanged, the ratio of 1/T1T in
the HT and LT phases, (1/T1T )(HT)/(1/T1T )(LT) = 9,
gives the rough estimation of 70% decrease in D(εF).
For more accurate estimation, one needs to know Ahf
in the HT and LT phases. If we consider two main contri-
butions to Ahf , namely hyperfine fields originating from
localized f electrons and conduction electrons, Ahf,f and
Ahf,c, respectively, it is easy to estimate Ahf,f from the
temperature dependent parts of K and χ. From the K
vs χ plot, Ahf,f is estimated as −7.7 kOe/µB in the HT
phase while it is −5.2 kOe/µB in the LT phase on the
basis of the valence order model that magnetic and non-
magnetic Yb ions alternately stack along the c axis [5].
Here, as shown in the inset of Fig. 2(c), one sees strong
field influence on K at high fields above 21.5 T and low
temperatures below 40 K, which is ascribed to saturating
tendency in the magnetization [12]. Therefore we esti-
mated Ahf using the data measured at the lowest field.
[see Fig. 5 in Ref. [10]]. This reduction in the LT phase
is intuitively understood, because 4f electrons from the
Yb3+ ion are more localized than in the HT phase, so
that transferred hyperfine field at a Pd nucleus position
from the 4f electrons will become smaller.
On the other hand, we cannot evaluate Ahf,c giving rise
to temperature independent components in question ofK
and 1/T1T . However, since Ahf,c is dominated by atomic
hyperfine coupling with on-site conduction electrons, it
is unlikely that Ahf,c changes at Ta as much as Ahf,f
does. (Even though we assume that, in the LT phase,
Ahf,c is reduced by the same ratio with that of Ahf,f ,
it accounts for only a 50% of the reduction of 1/T1T .)
Thus, the significant drop of 1/T1T from the HT and LT
phases is attributed to the decrease in D(εF), suggestive
of Fermi surface instability in the vicinity of Ta. For the
IT phase, we cannot proceed to analyze the 1/T1T data,
because the complex valence ordering state is proposed
[5] and also we could not obtain accurate data due to a
poor signal intensity. However the large drop of 1/T1T ,
quite analogous to the data in the LT phase, suggests the
resultant reduction of D(εF) as well as in the LT phase.
For another remarkable feature (ii) described above,
the rate of the 1/T1T increase with cooling is much faster
4than 1/T , indicating that this is critical behavior due
to the evolution of any low-energy fluctuations toward
the phase transition at Ta. The similar phenomenon so
called ‘critical slowing down’ is often observed when a
second-order magnetic phase transition occurs. However,
in YbPd, almost no magnetic anomaly is found at Ta
and the phase transition has been identified as a struc-
tural transition accompanied by valence redistribution
[4, 5]. Moreover, since magnetic ordering temperature
TN = 1.9 K is far below Ta, it is very unlikely that mag-
netic correlations associated with the magnetic order de-
velop so steeply at such high temperatures T > Ta. Thus
it is convincing that the critical behavior is attributed to
the phase transition at Ta itself, probably associated with
slowing valence fluctuations down.
We discuss how the critical behavior appears in YbPd.
In Fig. 3(b), the temperature dependence of nuclear spin-
spin relaxation rate 1/T2 is shown. Although the origin
of its anomalous temperature dependence above 180 K
is not clear to date, 1/T2 shows the divergent behavior
and the peak is at slightly lower temperature than that of
1/T1T . Similar pronounced peaks in 1/T1 and 1/T2 are
reported in the NQR study of a charge order system, Pr
based cuprate PrBa2Cu4O8 [13]. The relaxation anoma-
lies are accompanied with broadening of NQR spectra,
and they arise from the slow fluctuations of EFG due
to charge ordering instability, which freeze randomly at
lower temperatures. In the case of YbPd, the formation
of incommensurate Yb valence order is proposed [5], so
that similar line broadening originating from the slow
EFG fluctuations is expected. Actually, NMR line grad-
ually broadens as temperature decreases down to Ta as
shown in Fig. 3(c). However, Fig. 3(d), where the spec-
tral width divided by external field W/Hres and K are
plotted with temperature as an implicit variable, demon-
strates a linear relation between the two values. This im-
plies that a magnetic origin rather than an electric one
is responsible for the broadening. Once the perturbation
of nuclear quadrupole interaction works on nuclear spin
states through the effective EFG, the NMR line imme-
diately split off to satellite peaks such as indicated by
the arrows in Fig. 1(a). Therefore the present T1 mea-
surement at the remaining main peak is not sensitive to
electronic interactions. Note that this conclusion that
the critical behavior in 1/T1T appears through magnetic
mechanisms does not mean the absence of charge fluctu-
ations.
The valence fluctuations of Yb ion between Yb3+ and
Yb2+ should simultaneously bring about magnetic fluc-
tuations due to the difference of magnetic characters be-
tween the two ionic states: the Yb3+ state is magnetic
and Yb2+ state is nonmagnetic. Therefore one of the
plausible interpretations of the critical behavior in the
relaxation data is that our measurement selectively de-
tected the magnetic fluctuations by observing the NMR
signals insensitive to electric interactions. Such magnetic
fluctuations induced by the valence fluctuations has not
been observed so far to our knowledge. We suppose that
the very unique valence order of YbPd is one of crucial
points for the successful observation. Namely, compared
to valence fluctuations between 2+ and 3+ states, the
small difference between the two valence states, 3+ and
noninteger valence (2.6+), should be accompanied with
low-energy magneatic fluctuations that one can easily de-
tect by NMR measurements. [For example, in the case
of EuPtP which undergoes two valence orders with inte-
ger valences (2+ and 3+) at 240 and 200 K, no critical
behavior is observed in the T1 measurement at all [11].]
In this study, the first order nature of the phase transi-
tion at Ta is evident from the measurement of NMR line
[see Fig. 2(b)]. Besides the reduction of D(εF) caused
by the phase transitions, indicated by the T1 measure-
ment [see Fig. 3(a)], suggests that the phase transition
is driven by a Fermi surface instability. These observed
features are consistent with the idea of conventional band
Jahn-Teller effect [4], reminiscent of a cubic-to-tetragonal
structural transition in CsCl-type structure compounds
LaAg1−xInx and RCd (R = La, Ce, and Pr) [14–17]. In-
deed, a band structure calculation based on the density
functional theory within fully relativistic scheme suggests
that the spin-orbit interaction splits the 4f states into
two manifolds and one of them (4f7/2) forms the large
density of states near the Fermi level [18].
However, this scenario does not cover all the remark-
able properties of the phase transition at Ta, in partic-
ular the occurrence of valence ordering. In this context,
the most interesting finding in the present study will
provide important clue to comprehensive clarification:
namely, behind the drastic first order structural transi-
tion, low-energy interactions associated with the valence
order gradually evolve. The structural transition involv-
ing valence redistribution in YbPd may be captured as
the cooperative effect of the instabilities of the Fermi sur-
face and the valence.
In summary, the use of static high magnetic fields up to
24.1 T enabled the precise 105Pd-NMR measurement on
YbPd. The discontinuous line shift at Ta and the sudden
appearance of nuclear quadrupole split line below Ta are
consistent with the cubic-to-tetragonal structural transi-
tion with first-order nature. Below Ta, the significant re-
duction of D(εF) is also evident from the measurement of
1/T1T . These results suggest that Fermi surface proper-
ties, including band Jahn-Teller effect, play an important
role in the phase transition. Moreover we observed the
gradual evolution of low-energy interactions toward the
valence order at Ta behind the first order structural tran-
sition. This observation is interpreted as the detection of
magnetic fluctuations induced by the valence fluctuations
simultaneously. The structural transition accompanied
with the valence order seems to occur as a result of co-
operative effect of these two factors.
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